Abstract Terrestrial cosmogenic nuclide (TCN) exposure dating of boulders is frequently used for rockslide chronology. A wellrecognized source of error that cannot be readily quantified is related to inheritance of TCN produced in the rock prior to failure. The effect of inheritance is not constant and will be greatest in the instance of a very recent shallow failure on a high-altitude surface with low event frequencies. We illustrate the effect by measuring 10 Be concentrations in six boulders exposed for only 9 years before sampling, on a rock avalanche in Puerto Aysén, Chile. Their apparent exposure ages range from 216 ± 76 to 1755 ± 436 years. The mean apparent exposure age of a statistical cluster of three samples exceeds the real exposure time by 345 ± 36 years (3800%), implying that all sampled rock surfaces experienced pre-failure TCN production. A reconstructed pre-failure topography enables the analysis of possible pre-failure boulder positions and an estimate of the range of possible inherited concentrations along a 2D transect. Despite a maximum failure-mass thickness of 110 m, the boulders seem to have originated from depths shallower than 14 m. Because of the likelihood that large boulders, prioritized for TCN sampling, originate from relatively shallow pre-failure depths owing to surface-near transport with minor turbation, it is necessary to consider potentially inherited TCN concentrations and their effect on the age determination, especially in cases of young rockslides, where the commonly adjusted effects of boulder erosion and snow, ash, or vegetation shielding are negligible in comparison.
Introduction
In the last decade, terrestrial cosmogenic nuclide (TCN) exposure dating has become one of the most widely used techniques for rock avalanche and rockslide chronology (Pánek 2015 ). An increasing number of studies link the timing of rock-slope failures (RSF) to potential controlling factors, such as debuttressing (Cossart et al. 2008; Ballantyne et al. 2014; Hermanns et al. 2017) , tectonic activity (Hermanns et al. 2001; Mitchell et al. 2007; Sanchez et al. 2010) , and various climatic stresses (Dortch et al. 2009; Nagelisen et al. 2015) . TCN exposure ages range from decades to tens of millions of years. While cosmogenic 10 Be produced in exposed quartz is the most widely used nuclide, other radionuclides and stable noble gases can be measured in a wide range of lithologies. For rockslide chronology, multiple exposed surfaces can be exploited, including boulders on the catastrophically failed deposits (Ballantyne and Stone 2004; Hewitt et al. 2011; Hermanns et al. 2017 ), a sliding surface (i.e., in the case of a gradually sliding block (Sanchez et al. 2010; Hermanns et al. 2013; Schwartz et al. 2017) ), or breakaway surfaces (Ivy-Ochs et al. 2009; Zerathe et al. 2014 ).
Despite significant improvements in the sample preparation, measurement, and interpretation of TCN concentrations as exposure ages (Lifton et al. 2014; Borchers et al. 2016) , the initial TCN concentration in a rockslide boulder prior to the failure event can contribute a significant error in the exposure age (Fig. 1) . If not subtracted from the measured concentrations, the inherited concentration causes the calculated exposure age to overestimate the event age (Lal 1991; Akçar et al. 2012) . The large number of measurements necessary to apply statistical or multi-nuclide approaches quantifying inheritance is prohibited by cost (most studies use less than ten measurements to date a deposit). An important exception is the utility of the depth profile method to simultaneously solve for inheritance and exposure age, but this requires that the mass-wasted material produced a homogeneous matrix-rich layer (Anderson et al. 1996; Hidy et al. 2013 ). In the rare case where a rockslide targeted for chronology can be selected on the basis of size, a low elevation deep-seated rockslide will on average have less inheritance than a shallower one sourced high above the deposit because the cosmic ray flux diminishes exponentially with depth in the atmosphere and below the mountain surface. Without the luxury of selecting the optimal rockslide for minimizing inheritance, or using multiple measurements, the effect of inheritance cannot be calculated. Therefore, published chronologies have not been explicitly adjusted for the inherited concentration, although statistical outliers have been interpreted to be the result of inheritance (Ballantyne et al. 2014; Ostermann et al. 2016; Hilger et al. 2018 ). Since it is unlikely that different boulders will have the same inheritance concentration, authors have argued that if exposure ages on three or more boulders on the deposit are within the reported 1-sigma analytical precision (typically 2 to 3%), the inheritance concentration is insignificant (Ivy-Ochs et al. 2009 ). Although the approach cannot be applied when sampling a contiguous rock surface such as a failure plane or breakaway surface, it may be a reasonable argument for rockslide deposits. However, the hypothesis has not been tested by empirical measurements, particularly on recent events where the effect of inheritance would be greatest.
In this experiment, cosmogenic 10 Be is measured in six boulders deposited by a recent large (> 20 Mm 3 ) rock avalanche that took place in the Patagonian Andes in 2007 , to resolve whether there is inheritance in any boulder and if so, how these inherited concentrations could influence the age determination. A cursory discussion of the relevant theory is provided to enable a simplified comparison between measured and expected concentration distributions. Owing to the wide range of complex geometric and exposure history first-order controls on the preevent (subsurface) concentrations, it is not possible to provide an explicit solution that applies to all natural rockslides. Our results have implications for (i) rockslide risk analyses that incorporate
Original Paper uncertainty in TCN exposure dating and (ii) the uncertainty of past and future attempts to improve knowledge of TCN production rate scaling by calibrating against independently dated rockslide deposits.
How to quantify TCN inheritance in rockslide deposits? Exposed rock surfaces are constantly bombarded by a flux of secondary cosmic rays. When penetrating the rock, the incoming high-energy particles produce cosmogenic isotopes in a range of minerals, with an approximately exponential decrease through hundreds of meters of penetration. For instance, production of 10 Be in quartz-bearing rock types is primarily through spallation reactions by fast nucleons in the upper 4 m, decreasing with an efolding length of approximately Λ n = 150 g cm , while production by different muon interactions is significant at depths to at least hundreds of meters (Λ μ > 1500 g cm −2 ).
The amount of inherited cosmogenic nuclide concentrations in boulders of rockslide deposits is thus dependent on (1) the prefailure topography (slope, other geometric factors) and source area height above the deposit, (2) the source depth of the sampled boulder, and (3) the exposure and erosion history of the prefailure surface. The potential 10 Be concentration C (atoms g −1 ), of the selected mineral in the pre-failure rock slope, can be approximated using the relationship proposed by Lal (1991) :
where F n;μ f ;μ s is the fraction of production rate for the three pathways, spallation by fast nucleons (n), slow negative muon capture (μ s ), and fast muon reactions (μ f ), respectively. S is the dimensionless shielding factor (defined by the pre-failure geometry) and P 0 is the production rate of, in this example, 10 Be in quartz (atoms g −1 a −1 ) considering the latitude, longitude, elevation of a rock mass, and time-dependent magnetic and solar effects on the cosmic ray flux. λ is the decay constant of 10 Be (4.9 × 10
) is the rock bulk density, ε (cm ka −1 ) is the erosion rate, and d i (cm) is the depth. Λ n;μ s ;μ f (g cm
) represents the attenuation lengths for the three pathways, respectively.
Many rockslide and rock-avalanche studies are situated in areas glaciated during the last glaciation when glacial erosion incised and widened valleys and created freshly exposed steep slopes prone to rockslide activity, especially following unloading (e.g., the European Alps, Norway, Patagonia, Himalaya). We tested factors 1-3 with a simple Monte Carlo simulation using Eq. (1) and assuming deep glacial erosion before first exposure 13-16 ka ago. In this case, early Holocene rockslides are hardly affected by inherited cosmogenic nuclides. We evaluate the effect of inheritance for a hypothetical Holocene scenario (Table 1 ) of a 7-ka-old rockslide originating from a slope whose TCN concentration was reset to zero by the last glaciation, resulting in a total exposure time of ca. 14 ka.
The relative effect of inheritance can then be expressed as the fraction of inherited 10 Be concentrations in relation to the 10 Be concentration of the assumed 28,000 atoms g −1 expected for the actual event age. This effect is dependent on the apparent postfailure exposure age because with longer post-failure exposure, the post-depositional concentration will eventually exceed the decaying inheritance.
In this example, a decrease of slope will at most double the effect of inheritance (a point on an unlimited vertical wall is exposed to approximately half of the cosmic rays compared to a horizontal surface) (Fig. 2a) . But depending on the source depth of the sampled boulder, the effect increases exponentially with decreasing source rock depth ( Figs. 1 and 2 ). For this scenario of 7-ka-old rockslide deposits, the effect of inheritance is < 5% for boulders sourcing from at least 5-m depth for up to 14 ka preexposure time (Fig. 1b) . For an increasing pre-failure exposure time, the slope angle of the pre-failure surface becomes increasingly important. If a sampled boulder originates from a relatively flat surface (< 20°) near the top of the pre-failure slope, which experienced 14 ka pre-exposure, it could result in an age overestimation of more than 40% in the case of 7-ka-old rockslide deposits.
This conceptual sensitivity test reveals that pre-exposure time and depth have a larger control on inherited TCN concentrations than the pre-failure slope angle. They are thus the main parameters to be considered when estimating the uncertainties owing to inheritance. The following case study of a young rock avalanche with known age and reasonably well constrained pre-failure geometry reveals a significant inheritance effect and that the approach of identifying statistical outliers may be deceptive, even for large-volume rock avalanches, and when no outlier can be detected.
Case study: the Punta Cola rock avalanche Study site and background The study site is located in the NW-SE trending Aysén fjord in southern Chile (Fig. 3) . The fjord cuts the North Patagonian Batholith which is dominated by dioritic to granitic intrusions of Mesozoic to Paleogene age (Cembrano et al. 2002) . The high (> 1000 m) relief is dominated by deeply incised glacial fjords and valleys with steep flanks. Glacial dynamic reconstructions by McCulloch et al. (2000) indicate that the study area became ice free~15 ka ago. The existence of a later cooling period with glacial re-advance, equivalent to the Younger Dryas in the Northern Hemisphere, is controversially discussed in the literature and is so far not unequivocally supported by data (Glasser et al. 2004 ). At present, till and shallow volcanogenic soils cover the slopes in many places, which are mostly forested (Sepúlveda et al. 2010) . A combination of long steep slopes and high monthly precipitation rate (> 200 mm/month on average) leads to high erosion rates and landslide activity in the area (Sepúlveda et al. 2010 ).
On April 21, 2007, after a series of shallow earthquakes, a Mw 6.2 earthquake (focal depth < 10 km) struck the Aysén region (Fig. 3b) . The events were related to the activity of the NNE striking Liquiñe-Ofqui fault zone (LOFZ) which crosses the Aysén fjord, resulting in a high density of faults around the study site (Fig. 3c ). Around 500 landslides were triggered, including two large-volume rock avalanches (Sepúlveda et al. 2010) . The rock avalanches entered the fjord generating displacement waves which impacted the coastal morphology, the regional economy, and the population (Naranjo et al. 2009; Sepúlveda and Serey 2009) . The second largest mass movement with a volume of 20.9 Mm 3 is the Punta Cola rock avalanche (Fig. 4) . Here, the displaced rock mass produced a maximum run-up height of 150 m on the opposite slope of the failure before it turned 90°and propagated 1-1.5 km along the valley and entered into the fjord. Approximately half of the total volume was deposited offshore impacting the delta area .
The main scar of the Punta Cola rock avalanche is about 1 km long and up to 760 m wide and mostly covered by debris. It stretches over 500 m of elevation, from c. 250 m a.s.l. to over 750 m a.s.l. It is located more than 1 km below potential permafrost conditions in this area (Falaschi et al. 2015) . A topographic breakline across the scar and a set of faults and fractures in the lateral release surface are indicators for a potential active branch of the LOFZ, crossing the basal sliding surface (Figs. 3c and 4; Redfield et al. 2011; Oppikofer et al. 2012) . The depth of the failure surface, in relation to the pre-failure slope, was down to 110 m and > 25 m in most places . A smaller secondary rockslide failed within 10 days after the main rock avalanche Attenuation length neutrons
Attenuation length slow muons
Attenuation length fast muons
Pre-slide exposure time (t pre ) 14,000 a Decay constant (λ) 4.56*10 Effect (fraction of 'correct' concentration) Fig. 2 Results of the Monte Carlo simulation using Eq. (1), showing the effect of inherited TCN concentrations on a 7-ka-old rockslide depending on pre-failure slope and depth with a 7 ka pre-exposure time (log-y-scale) and b increasing prefailure exposure time, slope, and depth. Slope angles are defined in respect to a horizontal surface, so that 90°represent a vertical wall. The effect describes the fraction of inherited TCN concentrations in relation to the TCN concentration expected for 7-ka exposure of a boulder surface (Sepúlveda and Serey 2009) , where the failure surface was mostly 10-25 m deep . As evident from aerial photographs (a figure showing an aerial photograph from 1974 and imagery from 2015 are provided in the electronic supplementary material (ESM) 1), the pre-failure slope has been forested before failure and probably throughout most of the Holocene, according to climate records (Glasser et al. 2004 ).
Methods
Exposure dating with 10 Be in quartz We sampled the deposits of the Punta Cola rock avalanche in a tributary valley of the Aysén fjord in Patagonia, Chile. From the terrestrial portion of the deposits, we collected six samples from boulders higher and wider than 1.5 m using hammer and chisel (Fig. 4) . While sampling, we avoided steep erosional gullies in the deposit that formed since the event deposition. One of the samples (PCOL-08) is from a boulder close to the scar of a secondary failure (Fig. 4) .
For best results during the mineral separation, we crushed the samples to a 250-355 μm grain-size fraction. At the Cosmic Ray Isotope Sciences at Dalhousie University (CRISDal) lab, Halifax, Canada, we concentrated and purified the quartz consecutively with magnetic separation at first, then froth flotation and heavy liquid separation and finally leaching with dilute hydrofluoric acid. Quartz purity and Be content in the quartz were verified with a Leeman Lab-Teledyne Prodigy ICP-OES at CRISDal Lab. We added 240 mg of 9 Be carrier to 20 g quartz of each sample and to a process blank without quartz, and the samples were then digested, the Be removed with column chemistry, and pHcontrolled precipitations. The BeO was mixed with ultrapure Nb metal, loaded in stainless target holders, and sent to the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory, USA, for AMS analysis of the 10 Be/ 9
Be against standard 07KNSTD-3110 (nominal 10 Be/ 9 Be = 2.85 × 10 −12 ). In order to capture potential contaminations during the chemical procedures, a process blank was added to the batch of six samples. The process blank does not contain any sample material and is processed the same way as the other samples. It thus represents only contamination from processing. After the AMS analysis and before final age calculations, the amount of 10 Be atoms in the blank is subtracted from the measured values of each sample.
The final ages were calculated with the version 3 of the online exposure age calculator formerly known as the CRONUS-Earth online exposure age calculator written by G. Balco (2017) and the LSDn scaling scheme. The topographic shielding was derived using inclinometer measurements from the field and the CRONUS-Earth topographic shielding calculator version 2.0 . A table with the input parameters for the calculator is provided in the electronic supplementary material (ESM 2).
Approximation of potential pre-slide 10 Be concentrations The goal of this study is to compare the measured 10 Be in a landslide with negligible post-depositional exposure, with the concentration distribution of 10 Be in the restored pre-failure rock geometry. Recognizing the methodological approach below is simplistic, it provides a first-order estimate of pre-slide concentration in the failed volume. A more accurate determination of 3D distribution of TCN concentration prior to failure with error analysis would need to consider the principal two error sources-i.e., the uncertainty in the paleo-surface geometry and uncertainties in the duration of the pre-failure exposure time (although we can estimate the timing of ice marginal retreat, we cannot estimate the history of previous failures on the slope). Secondary error sources include the angular dependence of the secondary cosmic ray flux, effective attenuation lengths for fast nucleons and muons, and bulk density.
In order to calculate potential 10 Be concentrations at and below the pre-failure surface, a 2D profile was extracted from a reconstructed pre-failure digital elevation model (DEM). The prefailure DEM was previously generated using digital photogrammetry techniques on the basis of 11 panchromatic aerial photographs taken in 1998 (Yugsi Molina et al. 2012) . The surface production rates along this 2D profile were derived with the LSD scaling scheme (Lifton et al. 2014) . Because of the large elevation change from 250 m a.s.l. at the bottom to 750 m a.s.l. at the top of the rockslide scar, the total surface production rate for 10 Be ranges from 4.78 to 7.38 atoms g −1 a −1 . The topographic shielding from distal objects (valley walls) was approximated based on azimuthal and gradient measurements at the bottom of the failure scar, where it was expected to be maximal. A gradual decrease in topographic shielding to zero is expected with increasing elevation along the slope. For the local geometric shielding, the gradient for each section between two points along the profile was derived. Based on the resolution of the reconstructed pre-failure surface (Yugsi Molina et al. 2012) , the horizontal distance between two value points along the 2D profile is 2.7 m. To smooth topographic irregularities arising from the photogrammetric reconstruction (e.g., caused by vegetation), a linear one-point step moving window over nine values (~22-m horizontal distance) was applied along the 2D transect. Using these predicted slopes, the CRONUS Earth topographic shielding calculator v2 ) was used to calculate a shielding factor for the local (2.7 m) slopes which was then multiplied by the previously approximated topographic shielding factors to produce a total shielding factor for each point along the profile. The 10 Be concentration at the surface and at depth below each point along the profile was then approximated with Eq. (1) for down to 100-m depth with 1-m increments. The input parameters are the values compiled in Table 1 but for an assumed pre-slide exposure time of 15 ka, according to the regional deglaciation history. For a complete 2D concentration distribution, the calculated values were then contoured in ArcGIS with the natural neighbor geostatistical fit.
Results

TCN-dating using
10 Be A low 10 Be concentration was measured in all six samples, which when corrected for the process blank of 9.53 × 10 3 atoms allowed the calculation of apparent exposure ages of hundreds of years, not 9 years, the actual event age (Table 2) . However, because of the low concentrations, measurement uncertainties were controlled by counting statistics and were 11-33%. The process blank correction resulted in the subtraction of 6-40% of the measured concentrations. The largest uncertainty is connected to a concentration of 2.39 × 10 4 atoms before correction, and 7.19 × 10 2 atoms after correction, resulting in a 40% effect in relation to the apparent age.
Although Savi et al. (2017) show that using one blank only leads to additional uncertainties, a compilation of blanks at CRISDal Lab measured during the last 2 years at the same accelerator facility, using the same phenacite-based carrier and sample preparation, demonstrates that the process blank lies well within 1 σ of the arithmetic mean (N = 16) of 9.24 × 10 3 ± 5.74 × 10 3 atoms (ESM 1), which is the commonly accepted statistical approach for validating the blank correction (Shakun et al. 2018) . All calculated surface exposure ages of the sampled boulders exceed the post-failure time of 9 years by several hundred years. The mean age of the three samples PCOL-01, PCOL-04, and PCOL-07 lies within 1 σ uncertainty of the individual ages at 354 ± 36 (error-weighted mean). The average age of all samples, except for PCOL-08 is 356 ± 32 (error-weighted mean) and thus overestimates the real failure time by 347 ± 32 years (3856%). The apparent age of PCOL-08 is five times higher than the average of the rest and has a large error of 25%. As noted earlier, there is a possibility that this boulder had a different pre-failure history than the other five samples because it appears to have originated from a different source.
Approximation of potential pre-slide 10 Be concentrations Using the available pre-failure geometry , and the approximate duration of exposure, we estimated the TCN concentrations to the depth of the eventual slide plane along the 2D transect A-A′ (Figs. 4 and 5) . Concentrations at the surface are as high as 100,000 atoms g −1 , but diminish four orders of magnitude to the depth of the reconstructed failure plane. Meter scale topographic variations in the pre-slide geometry were not resolved and may influence the actual concentration with depth. Likewise, pre-event erosion, shielding by ash and snow, and the long-term history of exposure prior to the last glaciation would need to be known for a more realistic volumetric distribution of 10 Be concentration. Nevertheless, our 2D approximation enables an assessment of the potential pre-slide (inherited) concentration of the dated boulders. The concentration ranges of our measured boulder samples help to estimate their height-depth source region below the pre-slide cliff face (gray-scale ranges, Fig. 6 ). Because of its relatively high 10 Be concentration, the potential pre-failure depth of PCOL-08 cannot be visualized in this figure. The values, however, suggest that the sampled boulder surface originated from a depth < 2 m, supporting the hypothesis, that it was part of the relatively shallow secondary failure (Fig. 4) . It has therefore been removed from the following analysis, concentrating on the main failure.
Two concentration-depth profiles visualize the difference between low-elevation locations with higher topographic shielding and lower surface production rates, and locations from the top of the pre-failure slope (Fig. 7) . They demonstrate the expected increase of surface production and hence a higher penetration depth with increasing elevation and decreasing slope angle.
The depth profiles show that sample PCOL-02 most likely originated from a depth < 5 m for the approximated scenario of 15 ka pre-exposure, and both the lower or higher locations. The samples PCOL-01, PCOL-04, and PCOL-07 are very close and potentially originate from~5-m depth in the lower part of the slope or~8-m depth in the higher elevated locations. The apparently deepest sample is PCOL-03 with a depth between 10 and 13 m. None of the sampled boulders seem to originate from a greater pre-failure depth than 13 m, which is significantly shallower than the mean depth of the reconstructed pre-failure volume.
Discussion
The results of the sampled boulders overestimate the real failure timing by 207-1746 years, which due to the young real age results in 2400-19,500% relative overestimation. The magnitude of potential age overestimation due to inheritance depends strongly on the pre-and post-failure exposure durations, and pre-failure boulder depth. Therefore, inheritance is relatively low for old rock avalanches, and for shallow failures with short pre-exposure durations. However, for the age determination of young rockslides with a potentially long pre-exposure, the inheritance becomes increasingly significant (Fig. 2) .
Three of our samples agree in age within their individual 1 σ uncertainties, which would lead to the incorrect interpretation that inheritance is negligible, when dating rockslide deposits of an unknown age. Instead, these boulders, and two others from the same 9 years post-failure exposure, had a factor of 40× more Be concentration distribution in the pre-failure slope for an exposure time of 15,000 years. The location of the profile A-A′ is marked in Fig. 4 . Note that the color range is plotted with a stretch factor of 3 to make shallow high values visible concentration than expected, even after process-blank subtraction. A similar result has been presented by Sewell et al. (2006) where the boulder ages generally seem to exceed the ages derived from a failure surface of known age. Although of smaller extent, the dating of a historic rock-avalanche event of known age (AD 1717) in Italy resulted in overestimations between 15 and 65% (Akçar et al. 2012) .
While the depth of the detached rock mass at the Punta Cola rock avalanche was up to 110 m and > 25 m in most places , the amount of inherited 10 Be atoms indicates that none of the sampled boulders originated from a greater depth than 13 m, with a cluster between 5 and 8-m depth. This assumes that we did not underestimate the blank correction, which would reduce the apparent 10 Be concentration in the samples and thus increase the depth of the potential pre-slide boulder positions. Even if the actual blank subtraction was a full standard deviation higher than the arithmetic mean of 16 process blanks, making the post-event concentrations subsequently lower, the concentrations would still be non-zero. Exposure ages would then lie between 134 ± 47 and 1690 ± 420 years and the boulders originate from not more than 18-m depth, still shallower than the estimated mean ( Fig. 7; ESM 1) . The number of boulder TCN concentrations needed to reliably estimate the failure volume would be significant given the low probability of achieving an average depth based on the six measurements.
It has been observed previously that boulders visibly originating from the pre-failure surface can settle on top of the rock-avalanche deposits (McSaveney 1978; Hadley 1978; Ivy-Ochs et al. 2009 ). Dufresne (2012) demonstrated that material, which has been entrained at the bottom of a rock avalanche, most likely stays at the bottom and therefore will comminute more rapidly than the near surface boulders. This also suggests that the rock-avalanche material does usually not get thoroughly mixed throughout the entire depth. One of the rockslidebody types first described by Shreve (1968) and later adapted by others (e.g., Strom 2006) supports this, where the rock mass Bmoves as a flexible sheet^, representing the original geological sequence after deposition. The second model presented by Strom (2006) suggests a stratified deposition, in the order of superimposed lithologies along the slope. This second model implies that the top layer of the rockavalanche deposits represents material from the uppermost often relatively shallow pre-failure rock mass. Furthermore, it has been shown that there is substantial disintegration of rock mass close to the sliding surface McSaveney 2002, 2009) , while the shallowest meters of rock-avalanche deposits is often coarse blocky material, transported at the surface (Dunning et al. 2005 ). Although we must also consider the potential for buoyancy forces that support the larger surface-area clasts, the TCN measurements and reconstructions at the Punta Cola combined with observations elsewhere suggest that the boulders that we normally target of exposure sampling at the surface of rock-avalanche deposits are likely to originate from a rather shallow section of the prefailure mass. In other words, our sampling strategy optimizes the probability of significant inheritance.
In areas that have not been glaciated during the last glacial periods, the pre-exposure time can reach many tens of thousands of years, leading to significant amounts of inherited TCNs. For example, in the non-glaciated part of northwestern Argentina, the exposure age of c. 10 ka from a failure surface differs from the corresponding deposit ages by c. 5 ka (Hermanns et al. 2004) . We therefore suggest that in such settings, the TCN exposure dating technique should be complemented by other dating methods in order to obtain reliable ages on rockavalanche deposits. In regions that have been glaciated during the most recent glaciation, the potential error due to inherited TCN concentrations seems to lie within a few hundred years. Age determinations below 1000 years may therefore be challenging.
Conclusion
The apparent exposure ages of six boulders from the 9-year-old Punta Cola rock-avalanche deposit overestimate the real age by several hundred years. A similar pre-failure exposure history on a rock-avalanche that was several thousand years ago would be significantly less affected by inheritance. This study affirms the assumption that the source depth of a sampled boulder is a first order control of the inherited TCN concentrations. This is true even if the pre-failure volume and geometry is reliably reconstructed, because the results suggest that all six of the large boulders sampled for exposure dating were derived from a depth much shallower than the average depth of the reconstructed volume. Our study also supports previous studies, demonstrating that large boulders on top of rockslide deposits may preferentially originate from rather shallow (< 20 m) depth, even if the maximum depth of a rock avalanche is > 100 m. However, if the pre-failure history and geometry are unknown, other approaches to mitigate the effect of inherited TCN concentrations are necessary. For instance, exposure dating the rockslide scarp in addition to the deposits can reduce the uncertainty. The Punta Cola experiment suggests that more than three boulders may be required to apply the currently widely used premise that multiple boulders with TCN concentrations within one standard deviation of their mean implies that inheritance is negligible. 
